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SUMMARY 

! A parametric investigation of the static internal performance of multifunction 

two-dimensional convergent-divergent nozzles has been made in the static test facil- 
| ity of the Langley 16-Foot Transonic Tunnel. All nozzles had a constant throat area 
| and aspect ratio. The effects of upper and lower flap angles, divergent flap length, 
throat approach angle, sidewall containment, and throat geometry were determined. 

All nozzles were tested at a thrust vector angle that varied from 5.60° to 23.00°. 

| The nozzle pressure ratio was varied up to 10 for all configurations. 

The results show that the nozzle discharge coefficient was insensitive to 
changes in geometry downstream of the throat for a constant geometric vector angle. 
The effect on internal performance of cutting back the sidewalls was in effect the 
same as decreasing the nozzle expansion ratio. Radiusing the lower flap throat 
improved the nozzle performance. 


INTRODUCTION 

i 

The next generation of fighter airplanes will be both versatile and highly 
maneuverable. One approach for providing these characteristics consists of using the 
propulsion system to enhance maneuverability and attitude control. Several studies 
have been conducted using nonaxi symmetric nozzles to vector thrust in order to gen- 
erate other forces and moments (refs. 1 to 7) . One type of nonaxisymmetric nozzle 
that has been successfully adapted for pitch thrust vectoring is the two-dimensional 
I convergent- divergent (2D-CD) nozzle (refs. 8 to 12) . Most of these investigations 
I addressed specific 2D- CD nozzle designs with only limited nozzle component varia- 
j tions. There are limited static-performance data available on the effects of para- 
metrically varying the nozzle internal geometry, for example, data on the expansion 
| ratio, flap length, sidewall length, and flap divergence angle (ref. 13). Another 
investigation (ref. 14) studied the effects of throat contouring. Other investiga- 
! tions included thrust- vectoring effects (refs. 14, 15, and 16). 

The present paper presents static internal performance data for 2D-CD nozzles of 
constant throat area and aspect ratio having geometric variations of upper flap 
angle, lower flap angle, divergent flap length, and throat approach angle in combi- 
nations to achieve pitch thrust vectoring. Upper flap divergence angle varied from 
-20.4° to 1.4°, lower flap divergence angle varied from 11.6° to 25.0°, divergent 
flap length varied from 1.0 to 2.7 in., and throat approach angle varied from 5.0° 
to 30.0°. The effects of sidewall containment and throat radius were also studied 
for selected configurations. All nozzles were tested at nozzle pressure ratios of 
1.7 to 10.0. Nozzle internal performance data were obtained from force balance and 
flow measurements. All upper and lower nozzle flaps were instrumented with internal 
surface static pressure orifices. This investigation was conducted in the static 
test facility adjacent to the Langley 16-Foot Transonic Tunnel. 



SYMBOLS AND ABBREVIATIONS 


A e /A t 

F 


t, n 

l 

M y 

N 

NPR 

P 

Pa 

p t,j 

R 

T x 


t/D 


w- 




a u 


geometric nozzle exit area computed at trailing edge of nozzle flaps, in 2 
geometric nozzle throat area at x = 3.0 in,, in 2 
geometric nozzle expansion ratio 
measured thrust along body axis, lbf 


ZL 


ideal isentropic gross thrust, Wp\RT t ,j - J ^ 


Y-l 




1 - 


Y 




lbf 


resultant gross thrust, (F^ + lbf 

nominal nozzle throat height of 1.0 in. (see fig. 2) 
length of divergent flap (see fig. 2) , in. 

measured pitching moment about point on model centerline at station 29.39, 
in- lb 

measured normal force, lbf 
nozzle pressure ratio, p. ./p_ 

j a 

local static pressure, psi 
ambient pressure, psi 
jet total pressure, psi 

gas constant, 53.364 ft-lb/lb-°R for air 
jet total temperature 
ideal mass- flow rate 
measured mass-flow rate, slugs/sec 

axial coordinate measured from nozzle connect station (Sta. 41.13), 
positive downstream, in. 

vertical coordinate measured from horizontal model centerline, positive 
upward, in. 

lower flap angle measured from horizontal reference line (see fig. 2) , deg 

upper flap angle measured from horizontal reference line (see fig. 2) , deg 

throat approach angle measured from horizontal reference line (see fig. 2) , 
deg 
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j 

I 

! 

y ratio of specific heats, 1.3997 for air 

5 resultant thrust vector angle, tan _1 (N/F), deg 

S v geometric thrust vector angle, (a^ - a u )/2.0, deg 

Abbreviations : 
jsta. model station 

2D-CD two-dimensional convergent-divergent 

[First character in nozzle configuration designation (see fig. 3) : 


A 

sidewall 

pair 

301, 

302 

B 

sidewall 

pair 

303, 

304 

C 

sidewall 

pair 

305, 

306 

D 

sidewall 

pair 

307, 

308 

E 

sidewall 

pair 

309, 

310 


1 Number in nozzle configuration designation (see table All) : 

| 

| 01 to 27 upper flap 

Last character (s) in nozzle configuration designation (see table AI) : 
| F to AA lower flap 


APPARATUS AND METHODS 


1 Static Test Facility 

This investigation was conducted in the static test facility (ref. 17) of the 
Langley 16-Foot Transonic Tunnel. All tests were conducted with the jet exhausting 
, to the atmosphere. This facility utilizes the same clean, dry air supply and a 
similar air-control system as that used in the 16-Foot Transonic Tunnel, including 
valving, filters, and a heat exchanger (to operate the jet flow at constant stagna- 
| tion temperature) . 


Single-Engine Propulsion-Simulation System 

A sketch of the single-engine air-powered nacelle model (described in ref. 17) 
on which the various nozzles were mounted is presented in figure 1 with a typical 
vectored 2D- CD nozzle configuration attached. An external high-pressure air system 
provided a continuous flow of clean, dry air at a controlled temperature of about 
530°R (measured at the instrumentation section). This high-pressure air was brought 
through a dolly-mounted support strut by six tubes that connect to a high-pressure 
plenum chamber. In order to minimize any forces imposed by the transfer of axial 
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momentum as the air is passed from the nonmetric high-pressure plenum to the metric i 
low-pressure plenum (attached to the force balance) , the air was discharged radially | 
into the model low-pressure plenum through eight multiholed sonic nozzles equally 
spaced around the high-pressure plenum, as shown in figure 1. Two flexible metal 
bellows were used as seals and served to eliminate the transfer of forces caused by 
pressurization. 

The air was then passed from the model low-pressure plenum through a transition i 
section that provided a smooth flow path for the airflow from the round low-pressure j 
plenum to the rectangular choke plate and instrumentation section. The transition 
section, choke plate, and instrumentation section were common for all 2D-CD nozzles 
tested. The instrumentation section had a flow path width- to-height ratio of 1.437. j 
All nozzle configurations were attached to the instrumentation section at model 
station 41.13. 


Nozzle Design and Models 

i 

Nozzle concept .- The basic nozzle components of the two-dimensional convergent- j 
divergent (2D- CD) nozzle are upper and lower flaps that regulate the internal con- 
traction and expansion process which takes place in the vertical plane, and flat 
sidewalls that contain the flow laterally. The two-dimensional nature of the flaps 
and sidewalls of this nozzle makes it readily adaptable to the incorporation of 
thrust-vectoring capabilities. This is achieved by varying the geometry of both the 
upper and lower flaps aft of the throat in order to direct the flow from the axial 
direction. 

Nozzle models .- The nozzle models of the present investigation were attached to 
the propulsion simulation system at station 41.13 (see fig. 1) and had a nominally 
constant throat height of 1.0 in. and width of 4.0 in. Interchangeable upper and 
lower nozzle flaps and sidewalls were combined to vary the nozzle geometry. Fig- 
ure 2 (a) presents a sketch showing typical nozzle upper and lower flaps having sharp 
throats (a radius equal to 0.0). Figure 2(b) presents a sketch of a radiused lower 
flap (a radius equal to 1.0 in.). Six configurations utilizing a radiused lower 
flap were tested to determine the effect of throat geometry on static performance. 
Table I shows the geometry of each configuration along with the geometric thrust 
vector angle and nozzle expansion ratio. The effect of sidewall cutback was examined 
for selected configurations. Sidewall geometry is shown in figure 3. 

The flaps and sidewalls used to assemble each nozzle may be determined from the 
configuration notation described in the "Symbols and Abbreviations" section. The 
internal geometry of all upper and lower flaps is presented in appendix A. 


Ins trumen tat ion 

A six-component strain-gauge balance was used to measure the forces and moments 
on the model downstream of station 20.50 in. (See fig. 1.) Jet total pressure was 
measured by means of a four-probe rake through the upper surface, a three-probe rake 
through the side, and a three-probe rake through the corner of the rectangular 
instrumentation section (fig. 1). Jet total temperature was measured by a shielded 
thermocouple probe also located in the instrumentation section. Mass-flow rate of 
the high-pressure air was measured by a calibrated choked venturi. All upper and 
lower flaps were instrumented with internal static pressure orifices located on the 
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planview centerline. The internal static pressures for all the configurations tested 
are presented in appendix B. Axial location of the static pressure orifices for each 
configuration are given in tables BI and BII. 

Data Reduction 

[ All data were recorded on magnetic tape with 50 frames of data averaged over 
!5 sec at each data point for use in the computations. With the exception of resul- 
tant thrust F r , data for the force and resultant thrust vector angle are referenced 
[to the model centerline. Nominal throat height h t n was selected arbitrarily as a 
I nondimens ionali zing length. 

I Data are presented in basic performance parameters of internal thrust ratio, 

resultant thrust ratio, resultant thrust vector angle, nondimensionalized pitching 
moment, and nozzle discharge coefficient (ratio of measured mass- flow rate to ideal 
mass-flow rate). The balance measurements are corrected for model weight tares and 
balance interactions. Although the bellows arrangement previously described was 
designed to eliminate pressure and momentum interactions with the balance, small 
bellows tares still exist on all balance components. When the bellows are pressur- 
J ized there are small differences in the forward and aft spring constants; there are 
j also small differences in the pressure between the ends of the bellows at high inter- 
nal velocities. These differences result in the bellows tares. In order to deter- 
mine the bellows tares, calibration nozzles were run over a range of expected normal 
'force and pitching moments, and the balance data were corrected in a manner similar 
to that discussed in reference 15. Although six balance components were computed, 
none of the nozzle configurations produced any significant levels of lateral forces 
' or moments, and as a result none are presented. External pressure measurements on 
previous models (see ref. 13) showed no base pressure effects. Therefore, no exter- 
nal pressure measurements were made on this model. 

| To ensure the integrity of the system, one of the nozzle configurations was 

tested several times throughout the investigation and repeat data were found to be 
within balance accuracy. The corrected balance data are then used to determine the 
basic performance parameters. The ideal gross thrust is computed based on measured 
mass-flow rate, jet total pressure, and jet total temperature. The pitching moment 
that results from vectored thrust is presented as a ratio to ideal thrust multiplied 
by throat height to give a nondimensionalized quantity. The computed ideal mass-flow 
rate is based on jet total pressure, jet total temperature, and measured nozzle 
throat area. Nozzle throat area was measured for each nozzle tested. Nozzle dis- 
charge coefficient is the ratio of the measured mass-flow rate to the ideal mass-flow 
rate and is the measure of the ability of a nozzle to pass mass flow. The internal 
nozzle static pressures are presented as a ratio to jet total pressure. 

PRESENTATION OF RESULTS 

The basic internal nozzle performance data and pitching-moment- ratio data for 
all configurations and the pressure data for selected configurations are presented 
graphically in figures 4 to 18. The pitching-moment data are presented for informa- 
tion purposes and will not be discussed in that the results noted for the resultant 
thrust vector angle are the same as would be noted for the pitching-moment- ratio 
data. The local static pressure data for all the configurations are presented in 
ratio form as a function of NPR and the x- location in appendix B. All data were 
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machine plotted and the curves were faired with a spline curve fit. The results of 
this investigation are plotted in the following figures: 


Nozzle performance parameters and pitching moment: 

Effect of geometric thrust vector angle 

Effect of upper flap angle 

Effect of divergent flap length with 3 = 7.60° ... 
Effect of divergent flap length with 3 = 17.50° .. 
Effect of divergent flap length with 3 = 27.40° .. 

Effect of sidewall containment 

Effect of throat approach angle with 1 / h t , n *1.0 
Effect of throat approach angle with £/h t ' n = l- 75 
Effect of throat approach angle with £/h t ' n = 2.50 
Effect of throat geometry ! 

Upper and lower flap static pressure distributions: 

Effect of upper flap angle 

Effect of divergent flap length 

Effect of sidewall containment 

Effect of throat approach angle 

Effect of throat geometry 


Figure j 


4 

5 ! 

7 j 

8 
9 

11 

13 

14 

15 1 
17 


10 
12 ! 
16 1 
18 


RESULTS AND DISCUSSION 

There are a number of different ways to vector the thrust from a 2D-CD nozzle. 
One example would be to gimbal the entire nozzle. Although this method would not 
affect the internal nozzle performance in that the flow path would be unchanged, the 
necessary actuators and gimbal hardware would add extra weight to the configuration. 
Also, as the thrust vector angle of this concept varies, the change in the nozzle 
external geometry has the potential for significantly increasing drag as was reported 
in reference 6. The method of vectoring thrust studied in the current investigation 
is the independent deflection of the upper and lower divergent flaps which could be 
accomplished by using the existing actuators and hardware necessary for changing 
nozzle power setting and expansion ratio. This method eliminates the need for the 
extra actuators necessary for gimballing the entire nozzle, but it leaves the throat 
orientation essentially unchanged as compared with that of the forward thrust mode. 
This in effect means that the supersonic flow downstream of the nozzle throat must be 
turned by the nozzle divergent flaps. There is a potential for thrust losses when 
this is done, as previous studies have indicated (refs. 6 and 15). 


Flap Angle 

The geometric thrust vector angle can be increased by decreasing the upper flap 
angle a u while the lower flap angle is held constant, or by increasing ct£ 

while a u is held constant; however, this would also change the nozzle expansion 
ratio. In order to maintain the same expansion ratio, the upper and lower divergent 
flap angles are varied simultaneously. Figure 4 shows the effect of increasing the 
thrust vector angle. There were no discernible changes in the shape of the internal 
performance curves, but there was only an incremental decrease in gross thrust ratio 
and discharge coefficient attributable to the increase in geometric thrust vector 
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angle. The increase of 7.5° in geometric thrust vector angle produced an approximate 
8.0° incremental increase in resultant thrust vector angle. 

Previous studies (ref. 13) have shown that nozzle expansion ratio is the pre- 
dominant parameter affecting nozzle internal performance. Because of this, it is 
difficult to separate effects due to changes in upper flap divergence angle from 
effects due to expansion ratio change. Figure 5 shows the effect of changing the 
upper flap angle and, consequently, the geometric thrust vector angle and expansion 
ratio while holding other parameters constant. The resultant thrust ratio shows 
effects due to expansion ratio variation that are similar to those observed in ref- 
erence 13. That is, the peak performance occurs at an NPR near the design NPR and 
then drops with increasing NPR, with the lowest expansion ratio configuration showing 
the largest performance loss as a result of nozzle under expans ion losses. Discharge 
coefficient shows a decrease with increasing geometric vector angle similar to that 
previously discussed for figure 4. The thrust vector angle is influenced by both 
expansion ratio and geometric vector angle; it is difficult to separate the two 
effects. Figure 6 shows the static pressure data for configurations C19P and C20P. 
The pressure on the last two-thirds of the lower flap of C19P is much higher than 
that on the upper flap. This difference tends to reduce significantly the normal 
force and thus the resultant thrust vector angle. The pressures also indicate a 
highly inclined throat, thus making the nozzle effectively an inverted single- 
expansion-ramp nozzle. This tends to produce large resultant thrust vector angles 
at low NPR and low values of resultant thrust vector angle at high NPR (see ref. 18) , 
as can be seen for configuration C19P in figure 5. The pressures for configuration 
C20P indicate a fairly vertical nozzle throat with the upper flap having a higher 
pressure than the lower flap over most of the flap length. This condition tends to 
produce the lower values of resultant thrust vector angles at low NPR as indicated in 
figure 5 for configuration C20P. It is apparent that increasing the geometric vector 
angle by decreasing only the upper flap divergent angle does not provide efficient 
thrust vectoring. 


Flap Length 

Figures 7 to 9 show data at different divergent flap lengths (and consequently 
different nozzle expansion ratios) with all other parameters held constant. Fig- 
ures 7(b) and* 9(b) show comparisons between data at values of Z/h t n of 1.00 and 
2.50 with only small differences in expansion ratio. There are only small effects of 
flap length on the performance data of configurations having almost the same expan- 
sion ratio. This result was also indicated by the data in reference 13. Fig- 
ures 7(a) and 9(a) show the same comparison in flap length but with the increase in 
expansion ratio being four times larger. The changes in the thrust ratios are also 
much larger. These differences are similar to those shown in figure 5 and are 
believed to be primarily due to differences in expansion ratio. It is apparent that 
any effect of flap length on internal performance is far less than the effect of 
changing the expansion ratio. 

Differences in expansion ratio also influence the ability of the configuration 
to vector the. thrust. The higher expansion ratio nozzles (longer flaps) produced 
resultant thrust vector angles that peaked at a value nearly double that of the 
lower expansion ratio nozzles, and then these angles rapidly dropped with increasing 
NPR to a value approximately one-half that of the lower expansion ratio nozzles 
(figs. 7(a) and 9(a)). That is, thrust vectoring is most effective and least erratic 
for nozzles having a low expansion ratio. This result might be expected since the 
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high expansion ratio nozzles are operating overexpanded at the low NPR's and the 
internal flow separation characteristics would be expected to vary greatly with 
varying NPR. 

Figure 8 presents data for the configurations with minimum to maximum flap 
lengths tested (low to high expansion ratio) . Except for the magnitude of peak 
resultant thrust vector angle, these data indicate results similar to those discussed 
for figures 7 and 9. Figure 10 presents the internal static pressure distributions 
for the configurations shown in figure 8. There is no effect of changing flap length 
on the pressure data. The data indicate an inclined throat and higher pressure on 
the lower flap over the last two-thirds of the longer flaps. This pressure distri- 
bution has the same effect on the resultant thrust vector angles shown in figure 9 
as was previously discussed. (See the section entitled "Flap Angle.") The shorter 
nozzle flaps do not provide a long expansion surface, and thereby the reduction in 
normal force and the consequent reduction in resultant thrust vector angle do not 
occur. 


Sidewall Containment 

Figure 11 shows the effect of cutting back the nozzle sidewalls on the internal 
performance of configurations at three different vector angles and expansion ratios. 
Tests were made with the sidewalls cut back 30 and 60 percent from full containment. 
In general, the effect of cutting back the sidewall on thrust ratio and resultant 
thrust vector angle was small, as previously documented in references 16 and 19. 
Cutting back the sidewall appears to cause a decrease in the effective nozzle expan- 
sion ratio. Figure 11(b) shows the configuration that has the highest expansion 
ratio. This configuration, which shows the largest result of the effective decrease 
in expansion ratio with the 60-percent-cutback sidewall, displays a larger gross 
thrust ratio at low NPR and a lower gross thrust ratio at high NPR. These same 
results were also found in references 16 and 19. 

Sidewall cutback was referenced to the nozzle throat; that is, a 100-percent 
cutback would mean that the sidewalls would end at the nozzle throat. Since all 
nozzle sidewalls tested extended downstream of the nozzle throat, the discharge coef- 
ficient showed essentially no change with sidewall containment. Figure 12 shows the 
internal static pressure distribution for the configurations shown in figure 11(a). 
Lower flap pressure distributions show no influence of sidewall cutback. There are 
some slight differences in the upper flap pressure distribution with varying sidewall 
cutback. A small change in the magnitude of the shock, which is positioned very near 
the end of the 30-percent-cutback sidewall (x/h t , n = 4.50), can be seen at NPR - 4.0 
and also, though to a lesser degree, at NPR - 10.0. 


Throat Approach Angle 

The effect of changing throat approach angle on nozzle internal performance and 
resultant thrust vector angle is shown in figures 13 to 15. There are only slight 
changes in the thrust ratios and the resultant thrust vector angle with increasing 
throat approach angle. The magnitude of the increment due to a change in throat 
approach angle was dependent on the values of geometric thrust vector angle and noz- 
zle expansion ratio, thus making it difficult to quantify the effect. However, it 
can be generally stated that an increase in the throat approach angle decreased the 
resultant thrust ratio while increasing the resultant thrust vector angle. The dis- 
charge coefficient is most sensitive to varying the throat approach angle, with more 
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than a 6-percent decrease with increasing 3 in the worst case (fig. 13(b)). 

Similar effects were noted for conical nozzles as was reported in reference 20. 

Figure 16 shows the internal static pressure distributions for two of the con- 
figurations presented in figure 14(a). The primary change in the lower flap flow is 
an increase in the magnitude of the shock with increasing throat approach angle. 
Throat approach angle had little effect on the upper flap static pressure 
distributions. 

[ 

Throat Geometry 

Three lower flaps (U, V, and W) were constructed with a throat of 1.0- in. radius 
(see table AI), and these radiused flaps had the same throat approach angle as three 
sharp- corner- throat flaps (H, M, and P) . That is, a configuration in which the 
sharp- corner- throat lower flap was replaced by a radiused lower flap would still have 
the same throat approach angle and geometric expansion ratio. Six configurations 
with a radiused lower flap were tested (two different upper flaps with each radiused 
lower flap). The lower flap angle and, consequently, the geometric vector angle dif- 
fered slightly between the configurations with the sharp-corner throat and the con- 
figuration with the radiused throat. (See table I.) Figure 17 shows the basic 
internal performance data for these configurations. In general, changing the lower 
flap throat geometry from a sharp corner to a radiused throat increased the resultant 
thrust ratios. The differences in performance are greater at the higher throat 
i approach angles and/or the low nozzle expansion ratios. This result would be 
I expected since the radiused throat provided a much smoother flow path than the sharp 
corner throat, particularly at the large throat approach angles. The influence of 
expansion ratio on the effect of throat geometry is also obvious by comparing 
parts (a) and (b) , (c) and (d) , and (e) and (f) of figure 17. The largest effect of 
^ throat geometry was on the discharge coefficient, which has been shown to be basi- 
t cally insensitive to changes in geometry downstream of the nozzle throat for a 
I constant geometric vector angle and is affected only by changes that occur upstream 
of the throat and, in this case, in the throat. Figure 17(f) shows the largest 
! increase in the discharge coefficient. Similar results of the effect of throat 
radiusing on the discharge coefficient are reported in reference 14. It is obvious 
! that the radiused throat is a more efficient configuration not only because of its 
internal performance but even more so because of its ability to pass mass flow. 

Figure 18 shows the internal static pressure distributions for the configura- 
| tions shown in figure 17(f). The radiused flap caused the throat (where 

p/Pt , j = 0.528) to move downstream not only on the lower flap but also on the upper 
flap which was the same hardware for both configurations. There was also a decrease 
| in the severity of the shock on both the upper and lower flaps when a radius was 
| added to the throat on the lower flap. 


CONCLUSIONS 

A parametric investigation of two-dimensional convergent-divergent nozzles with 
thrust vectoring has given the following conclusions: 

1. The effect of expansion ratio on nozzle internal performance is predominant 
over any effect caused by changes in divergent flap angle. 
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2. Because of reduced internal flow separation at low nozzle pressure ratios, 
thrust vectoring is most effective for nozzles having a low expansion ratio. 

3. Reduced sidewall containment (cutting back the nozzle sidewalls) results in 
a decrease in effective nozzle expansion ratio, but the effect on nozzle performance 
is small. 


4. Discharge coefficient is insensitive to changes in geometry downstream of the 
throat for a constant geometric vector angle. Increasing throat approach angle, how- 
ever, results in reduced values of discharge coefficient. 

5. Changing throat geometry from a sharp corner to a radius on the lower flap 
produces configurations more efficient in internal performance and with a better 
ability to pass mass flow, particularly for the configurations with low expansion 
ratios and/or large throat approach angles. 


NASA Langley Research Center 
Hampton, VA 23665-5225 
June 1, 1987 



REFERENCES 


1. Sedgwick, T. A.: Investigation of Non- Symmetric Two-Dimensional Nozzles 

Installed in Twin-Engine Tactical Aircraft. AIAA Paper No. 75-1319, Sept. -Oct. 
1975. 

2. Stevens, H. L. : F-15/Nonaxi symmetric Nozzle System Integration Study Support 

Program. NASA CR-135252, 1978. 

3. F-15 2-D Nozzle System Integration Study. Volume I - Technical Report. NASA 

CR-145295, 1978. 

4. Bergman, D.; Mace, J. L.; and Thayer, E. B.: No n-Axi symmetric Nozzle Concepts 

for an F-lll Test Bed. AIAA Paper No. 77-841, July 1977. 

5. Hiley, P. E. ; Wallace, H. W. ; and Booz, D. E. : Nonaxi symmetric Nozzles Installed 

in Advanced Fighter Aircraft. J. Aircr. , vol. 13, no. 12, Dec. 1976, 

pp. 1000-1006. 

6. Berrier, B. L.; and Re, R. J.: A Review of Thrust-Vectoring Schemes for Fighter 

Aircraft. AIAA Paper No. 78-1023, July 1978. 

7. Goetz, G. F.; Petit, J. E.; and Sussman, M. B.: Non-Axisymmetric Nozzle Design 

and Evaluation for F-lll Flight Demonstration. AIAA Paper 78-1025, July 1978. 

8. Stevens, H. L. ; Thayer, E. B. ; and Fullerton, J.-F.s Development of the Multi- 

Function 2-D/C-D Nozzle. AIAA-81-1491 , July 1981. 

9. Capone, Francis J. ; and Berrier, Bobby L. : Investigation of Axisymmetric and 

Nonaxisymmetric Nozzles Installed on a 0.10-Scale F-18 Prototype Airplane 
Model. NASA TP-1638, 1980. 

10. Capone, Francis J. ; and Reubush, David E.: Effects of Varying Podded Nacelle- 

Nozzle Installations on Transonic Aeropropulsive Characteristics of a Super- 
sonic Fighter Aircraft. NASA TP-2120, 1983. 

11. Hiley, P. E. ; and Bowers, D. L. : Advanced Nozzle Integration for Supersonic 

Strike Fighter Application. AIAA-81-1441, July 1981. 

12. Berrier, Bobby L. ; Palcza, J. Lawrence; and Richey, G. Keith: Nonaxisymmetric 

Nozzle Technology Program - An Overview. AIAA Paper 77-1225, Aug. 1977. 

13. Berrier, Bobby L. ? and Re, Richard J. : Effect of Several Geometric Parameters 

on the Static Internal Performance of Three Nonaxisymmetric Nozzle Concepts. 
NASA TP-1468, 1979. 

14. Mason, Mary L.; Putnam, Lawrence E. ; and Re, Richard J. : The Effect of Throat 

Contouring on Two-Dimensional Converging-Diverging Nozzles at Static Condi- 
tions. NASA TP- 1704, 1980. 

15. Capone, Francis J.: Static Performance of Five Twin-Engine Nonaxisymmetric 

Nozzles With Vectoring and Reversing Capability. NASA TP-1224, 1978. 


11 



16. Re, Richard J.; and Leavitt, Laurence D. : Static Internal Performance Including 

Thrust Vectoring and Reversing of Two-Dimensional Convergent-Divergent Nozzles. 
NASA TP-2253, 1984. 

17. Peddrew, Kathryn H. r compiler: A User's Guide to the Langley 16-Foot Transonic 

Tunnel. NASA TM- 83186, 1981. 

18. Re, Richard J. ; and Leavitt, Laurence D. : Static Internal Performance of Single- 

Expans ion- Ramp Nozzles With Various Combinations of Internal Geometric 
Parameters. NASA TM-86270, 1984. 

19. Yetter, Jeffery A.; and Leavitt, Laurence D. : Effects of Sidewall Geometry on 

the Installed Performance of Nonaxi symmetric Convergent-Divergent Exhaust 
Nozzles. NASA TP-1771, 1980. 

20. Grey, Ralph E., Jr.; and Wilsted, H. Dean: Performance of Conical Jet Nozzles 

in Terms of Flow and Velocity Coefficients. NACA TN 1757, 1948. 


12 



TABLE I.- NOZZLE PARAMETERS 


Configuration 

a^, deg 

a u , deg 


3, 

deg 

<5 V , deg 

A e /A t 

Design 

NPR 

AO IF 

11.60 

-8.60 

1.00 

7. 

60 

10.10 

1.05 

2.6 

A02G 

23.40 

-20.40 





21.90 

1.05 

2 . 6 

A03F 

11.60 

1.40 





5.10 

1.23 

4.1 

A04G 

23.40 

-10. 

40 





16.90 

1.22 

4.0 

B05H 

11.60 

-8. 

60 

2. 

50 



10.10 

1.13 

3.3 

B06I 

23.40 

-20. 

40 





21. 

90 

1.12 

3.2 

B07H 

11. 

60 

i. 

40 





5. 

10 

1.56 

6.7 

BO 81 

23. 

40 

-10. 

40 

1 


1 


16. 

90 

1.55 

6.7 

A09J 

11. 

60 

-8. 

60 

i. 

00 

27. 

40 

10. 

10 

1.05 

2.6 

A10K 

23. 

40 

-20. 

40 





21. 

90 

1.05 

2.6 

A11J 

11. 

60 

1. 

40 





5. 

10 

1.23 

4.1 

A12K 

23. 

40 

-10. 

40 





16. 

90 

1.22 

4.0 

B13L 

11. 

60 

-8. 

60 

2. 

50 



10. 

10 

1.13 

3.3 

B14M 

23. 

40 

-20. 

40 





21. 

90 

1.12 

3.2 

B15L 

ii. 

60 

i. 

40 





5. 

10 

1.56 

6.7 

B16M 

23. 

40 

-10. 

40 

\ 


\ 


16. 

90 

1.55 

6.7 

C17N 

10. 

00 

-2. 

,00 

1. 

75 

17 

.50 

6. 

00 

1.24 

4.1 

C180 

25. 

00 

-17, 

,00 





21. 

00 

1.23 

4.1 

C19P 

17. 

50 

-15, 

,80 





16. 

65 

1.05 

2.6 

C20P 



-3, 

.20 


if 



10. 

,35 

1.43 

5.6 

D21Q 



-9 

.50 


,80 



13. 

,50 

1.11 

3.1 

E22R 





2, 

.70 


V 



1.37 

5.2 

C23S 





1 

.75 

5 

.00 



1.24 

4.1 

C24T 

1 


1 


1 

.75 

30 

-.00 

} 


1.24 

4.1 
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Figure 1.- Sketch of air-powered nacelle model with typical nozzle configuration installed. 
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Figure 3.- Sketch of typical sidewall showing sidewall geometry. All dimensions are in inches. 
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Figure 4. Effect of geometric thrust vector angle on nozzle performance parameters and pitching moment. 
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Figure 4.- Concluded. 
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Figure 5. Effect of upper flap angle on nozzle performance parameters and pitching moment. 
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(b) Pitching moment. 
Figure 5.- Concluded. 
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Figure 7.- Effect of divergent flap length on nozzle performance parameters 

and pitching moment with 3 = 7.60°. 
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(b) Nozzle performance with 6, = 10.10 
















































Figure 8. Effect of divergent flap length on nozzle performance parameters 

and pitching moment with 3 = 17.50°. 
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(b) Pitching moment. 


Figure 8.- Concluded. 
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Figure 9.- Effect of divergent flap length on nozzle performance parameters 

and pitching moment with 3 = 27.40°. 




(b) Nozzle performance with 6 = 10.10 
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Figure 10.- Effect of divergent flap length on internal static pressure 
distributions for configurations D21Q and E22R. Dashed lines 
indicate lower flap. 

















































































Figure 11. Effect of sidewall containment on nozzle performance parameters and pitching moment 
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(c) Nozzle performance with 6 =21.90 
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(d) Pitching moment. 
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Figure 12.- Effect of sidewall containment on internal static pressure 
distributions for configurations B05H, COSH, and A05H. Dashed 
lines indicate lower flap. 
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pitching moment with l/h 
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(c) Pitching moment. 
Figure 13.- Concluded. 
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pitching moment with 1 / h = 1.75. 






(c) Nozzle performance with <5 =12.50 
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(d) Pitching moment. 
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Figure 15.- Effect of throat approach angle on nozzle performance parameters and 

pitching moment with Z/h ^ = 2.50. 
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15.- Continued. 
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(c) Pitching moment. 
Figure 15.- Concluded. 
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Figure 16.- Effect of throat approach angle on internal static pressure 
distributions for configurations C23S and C24T. Dashed lines 
indicate lower flap. 























Figure 17.- Effect of throat geometry on nozzle performance parameters and pitching moment 
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Figure 17.- Continued 
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Figure 17.- Continued 






Figure 17.- Continued 
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Figure 17.- Continued 
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Figure 17.- Continued 
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Figure 18.- Effect of throat geometry on internal static pressure 
distributions for configurations B14M and B14V. Dashed lines 
indicate lower flap. 






























APPENDIX A 


INTERNAL GEOMETRY OF LOWER AND UPPER FLAPS 

The internal geometry is presented in table AI for all lower flaps tested and in 
table All for all upper flaps tested. Values of x and y are measured in inches. 
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TABLE AI.- INTERNAL GEOMETRY OF LOWER FLAPS 


Lower 

Flap F ! 

i 

1 

x 

i 

1 

y 5 

• 

i 

0 . 0000 

» 

< 

-1.3900 ! 

1 

0.4574 

1 

-1.3900 ! 

« 

0.8110 

1 

-1.2436 ! 

1 

1 .2125 

l 

-0.8421 i 

I 

1 . 5000 

1 

-0.7001 ! 

1 

3 . 0000 

1 

-0.5000 ! 

« 

3.9796 

-0.7011 ! 

I 

• 


1 

1 

Lower Flap H I 

< 

i 

X 

y 

0 . 0000 

-1 .3900 

0.4574 

-1.3900 

0.8110 

-'1.2436 

1.2125 

-0.8421 

1 .5000 

-0.7001 

3 . 0000 

-0 . 5000 

5.4489 

-1 .0027 


Lower Flap G \ 

i ! 

i i 

x ! 

y 

{ 0 . 0000 

-1 .3900 

0.4574 

-1 .3900 

0.8110 

-1 .2436 

! 1.2125 

-0.8421 

i 1 .5000 

-0.7001 

1 3.0000 

-0 . 5000 

! 3.9178 

-0.8971 


S ! 

j Lower Flap I » 

! ! 

i 

i 

1 X 

i 

i 

y l 

i 

i 

1 0.0000 
i 

-1.3900 ! 

i 

! 0.4574 

I 

-1.3900 i 

1 

i 0.8110 
1 

-1.2436 I 

1 

! 1.2125 

-0.8421 ! 

! 1.5000 

I 

-0.7001 ! 

1 

I 3.0000 

t 

-0.5000 i 

1 

! 5.2944 

1 

1 

-1.4929 ! 


TABLE AI • - Continued 


Lower Flap J 


X 

y 

0 . 0000 

-1.3900 

1.1611 

-1.3900 

1 

1 .3912 

i 

-1.3339 

3 . 0000 

-0 . 5000 

3.9796 

-0.7011 


1 1 

1 J 

! Lower Flap L ! 

i i 

i » 

! x 

t 

1 

y J 

• 

i 

! 0.0000 

i 

• 

-1.3900 1 

l 

! 1.1611 

1 

-1.3900 { 

i 

I 1.3912 

i 

-1.3339 i 

i 

! 3.0000 

i 

-0.5000 I 

i 

! 5.4489 

i 

-1.0027 ! 


Lower Flap K 


X 

y 

0 . 0000 

-1 .3900 

1.1611 

-1 .3900 

1 .3912 

-1 .3339 

3 . 0000 

-0 . 5000 

3.9178 

-0.8971 


Lower Flap M 


X 

y 

0 . 0000 

-1 .3900 

1.1611 

-1 .3900 

1 .3912 

-1 .3339 

3 . 0000 

-0 . 5000 

5.2944 

-1 .4929 


TABLE AI.- Continued 


Lower Flap N 


1 

1 

Lower Flap 0 i 

i 

X 

y 


X 

1 

1 

y i 

i 

i 

0 , 0000 

-1 .3900 


0 . 0000 

i 

i 

-1.3900 1 

J 

0.8058 

-1 .3900 


0.8058 

l 

-1.3900 i 
1 

1 .1894 

-1 .2436 


1 .1694 

1 

-1 .2436 i 
» 

1 .2988 

-1 .0962 


1 .2968 

J 

-1.0962 I 
1 

1 .5000 

-0.9729 


1.5000 

1 

-0.9729 I 
1 

3 . 0000 

-0.5000 


3 . 0000 

» 

-0.5000 ! 

1 

4.7234 

-0.8039 


1 

4.5860 ! 

1 

1 

-1.2396 I 

1 

1 


Lower Flap P 


! 

Lower Flap Q ! 

! 

X 

y 


X 

y 

0.0000 

-1 .3900 


0 . 0000 

-1 .3900 

0.8058 

-1 .3900 


0.8058 

-1.3900 

1 .1694 

•*•1 .2436 


1.1694 

-1.2436 

1 .2968 

-1 .0962 

. 

1 .2968 

-1.0962 

i 

1 .5000 

-0.9729 


1 .5000 

i 

-0.9729 ! 

1 

3.0000 

-0 . 5000 


3.0000 

l 

-0.5000 i 

J 

4.6690 

-1.0262 


3.7630 

l 

-0.7406 ! 

t 

1 


| 

i 
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TABLE AI.- Continued 


Lower Flap R 


X 

y 

0 . 0000 

- 1 .3900 

0.8058 

1.3900 

1.1694 

- 1.2436 

1 .2968 

- 1 .0962 

1 .5000 

- 0.9729 

3 . 0000 

- 0.5000 

5.5750 

- 1 .3119 


Lower Flap T 


X 

y 

0 . 0000 

- 1 .3900 

1 .3245 

- 1 .3900 

1 .5745 

I 

- 1 .3230 

1 

3 . 0000 

- 0.5000 

4.6690 

- 1 .0262 


Lower Flap S 


X 

i 

1 

1 

y i 

! 

0 . 0000 

- 1 .3900 

0.3685 

- 1 .3900 

0.7221 

- 1 .2436 

1.1900 

- 0.7757 

1.5000 

- 0.6312 

3 . 0000 

- 0 . 5000 

4.6690 ! 

1 

1 

- 1.0262 ! 

1 

1 


Lower Flap U 


X 

y 

0 . 0000 

- 1 .3900 

0.4486 

- 1.3900 

0.8022 

- 1.2436 

1 .2125 

- 0.8333 

1 .5000 

- 0.6913 

2.8677 

- 0.5088 

3 . 0000 

- 0 . 5000 

3.2096 

- 0.5222 

5.4445 

- 1 .0013 


TABLE AI . - Continued 


i 

Lower Flap V 

i 

i 


Lower Flap W ! 

i 

i 

X 

y 


X 

1 

i 

y i 

! 

0.0000 

-1 .3900 

1 

0 . 0000 

* 

1 

-1.3900 I 

t 

0.9174 

-1.3900 

1 

0.7473 

t 

-1.3900 ! 

1 

1.1475 

-1 .3339 


1 . 1009 

1 

-1.2436 ! 

1 

2.5398 

-0.6122 


1 .2968 

\ 

-1.0477 ! 

t 

3.0000 

-0 . 5000 


1 .5000 

1 

-0.9244 ! 

1 

3.4321 

-0.5982 


2.6933 

1 

-0.5463 ! 

1 

5.2546 

-1 .4714 


3.0000 

1 

-0.5000 ! 

1 

1 



3.3305 

-0.5562 1 

1 



4.6517 

1 

-1.0189 ! 

1 

1 

Lower Flap X 


1 

1 

Lower Flap Y ! 

i 

i 

! x 

y 


X 

y i 

1 0 . 0000 

-1 .3900 


0 . 0000 

-1.3900 1 

! 1.9028 

-1 .3900 


2.1165 

-1.3900 ! 

I 2.2564 

-1 .2436 


2.5261 

-1.1768 ! 

i 3 . 0000 

-0 . 5000 


3 . 0000 

-0.5000 I 

! 4.6445 

-1 .0985 


4.6445 

-1.0985 ! 

1 

l 


TABLE AI.- Concluded 


Lower Flap Z 


X 

y 

0 . 0000 

-1 .3900 

1 .9028 

-1 .3900 

2.2564 

-1,2436 

3 . 0000 

-0 . 5000 

4.6904 

-0.9529 


Lower Flap AA 


! 0.0000 

I 

2.1165 
2.5261 
3 . 0000 
4.6904 


-1.3900 
-1.3900 I 

I 

I 

-1.1768 I 
-0 . 5000 


-0.9529 


TABLE All.- INTERNAL GEOMETRY OF UPPER FLAPS 


Upper 

Flap 01 1 

x ! 

y i 

0.0000 ! 

i 

1.3900 I 

i 

0.4574 

1.3900 ! 

0.8110 

1.2438 ! 

1 .2125 

0.8421 i 

1.5000 

0.7001 ! 

3 . 0000 

0.5000 i 

3.9888 

0.3505 ! 

t 

1 


Upper 

1 

1 

Flap 03 1 

X 

y 

0 . 0000 

i 

1 .3900 

1 

0.4574 

1 

1.3900 

1 

0.8110 

1 

1.2438 

1 

1.2125 

I 

0.8421 

1 .5000 

0.7001 

3.0000 

! 0.5000 

3.9997 

! 0.5244 


Upper 

Flap 02 

X 

y 

0 . 0000 

1 .3900 

0.4574 

1 .3900 

0.8110 

1 .2436 

1 1.2125 

0.8421 

I 1.5000 

0.7001 

i 3.0000 

0 . 5000 

i 3.9373 

0.1514 


1 

l 

! Upper 

i 

i 

i 

i 

Flap 04 I 

1 

1 

i 

i 

! x 

i 

i 

I 

1 

y i 

I 

i 

i 

! 0.0000 
1 

1.3900 i 

1 

i 0.4574 
1 

1.3900 ! 

I 

! 0.8110 
l 

1.2436 1 

t 

! 1.2125 
1 

0.8421 ! 

1 

! 1.5000 
1 

0.7001 ! 

1 

i 3.0000 

1 

0 . 5000 ! 

! 3.9836 
! 

0.3195 1 
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TABLE All.- Continued 


Upper Flap 05 


X 

y 

0 . 0000 

1 .3900 

0.4574 

1 .3900 

0.8110 

I 

1 .2436 

1 

1 .2125 

0.8421 

1 .5000 

0.7001 

3 . 0000 

0 . 5000 

5.4719 

0.1262 


1 

1 

! Upper 

1 

i 

( 

Flap 07 ! 

« 

1 

! x 

! 

y ! 

i 

i 

! 0 . 0000 

i 

i 

1.3900 I 
1 

! 0.4574 

1 

1.3900 ! 

i 

! 0.8110 

i 

1.2436 ! 

1 

! 1.2125 

i 

0.8421 ! 

1 

! 1.5000 

1 

0.7001 ! 

1 

! 3.0000 

1 

0.5000 .! 

t 

I 5.4993 

i 

0.5611 ! 


Upper Flap 06 


X 

y 

0 . 0000 

1 .3900 

0.4574 

1 .3900 

0.8110 

1 .2436 

1 .2125 

0.8421 

1 .5000 

0.7001 

3 . 0000 

0.5000 

5.3432 

-0.3714 


Upper 

Flap 08 

X 

y 

0.0000 

1 .3900 

0.4574 

1 .3900 

0.8110 

1 .2436 

1.2125 

0.8421 

1 .5000 

0.7001 

3 . 0000 

0 . 5000 

5.4589 

0.0487 



I 


TABLE All.- Continued 


Upper 

Flap 09 


Upper 

Flap 10 1 

X 

y 


X 

y i 

0 . 0000 

1 .3900 


0 . 0000 

1 . 3900 1 

1.1611 

1 .3900 


1 . 1 6 1 1 

1.3900 i 

1 .3912 

1 .3339 


1.3912 

1.3339 ! 

3 . 0000 

0.5000 

l 

1 

3 . 0000 

0.5000 : 

! ! 

3.9888 

i 

0.3505 ! 

! 

3.9373 

1 I 

! 0.1514 ! 

t 1 

1 1 


l 

1 

i Upper 

1 

1 

Flap 11 

1 

Upper 

Flap 12 

1 

i 

1 X 

1 

1 

y 


X 

y 

i 

! 0.0000 
| 

1 .3900 


0 . 0000 

1 .3900 

1 

! 1.1611 
| 

1 .3900 


1.1611 

1 .3900 

1 

i 1.3912 
1 

'1 .3339 


1 .3912 

1 .3339 

1 

I 3.0000 

i 

0 . 5000 


3 . 0000 

0.5000 

1 

I 3.9997 

1 

1 

0.5244 


3.9836 

0.3195 
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TABLE All.- Continued 


Upper 

Flap 13 


Upper 

1 

1 

Flap 14 ! 

i 

i 

X 

y 


X 

i 

i 

y ! 

i 

i 

0 . 0000 

1 .3900 


0 . 0000 

i 

» 

1.3900 I 
1 

1.1611 

1 .3900 


1.1611 

1 

1.3900 ! 

1 

1 .3912 

1 .3339 


1 .3912 

f 

1 

1.3339 ! 

| 

3 . 0000 

0.5000 


1 

3.0000 

1 

0.5000 ! 

1 

5.4719 

0.1262 


5.3432 

1 

-0.3714 ! 

i 1 

i 1 


! Upper 

1 

1 

Flap 15 I 

I 

1 

! x 

1 

y i 

i 

i 

i 

i 0 . 0000 

i 

i 

1.3900 i 

I 

i 1.1611 

1 

1.3900 ! 

1 

! 1.3912 

1 

1.3339 1 

1 

I 3.0000 

1 

0.5000 ! 

1 

1 5.4993 

1 

0.5611 I 

1 

1 


Upper Flap 16 


X 

y 

0.0000 

1 .3900 

1.1611 

1 .3900 

1 .3912 

1 .3339 

3 . 0000 

0 . 5000 

5.4589 

0.0487 


66 



TABLE All.- Continued 


i 

i 


Upper Flap 17 


X 

y 

0.0000 

1 .3900 
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TABLE All.- Concluded 


Upper Flap 25 
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0 . 0000 

1 .3900 
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1 .3900 
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1 .2436 

I 1.2968 
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1 3.0000 
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APPENDIX B 


INTERNAL STATIC PRESSURES FOR ALL CONFIGURATIONS TESTED 

The internal static pressures are presented in table BI for configurations A01F 
to A05H and in table BII for configurations COSH to C27AA. The ratio of local static 
pressure to jet total pressure is presented as a function of nozzle pressure ratio 
and axial location. 
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TABLE BI.- RATIO OF INTERNAL UPPER AND LOWER FLAP STATIC PRESSURE 
TO JET TOTAL PRESSURE FOR CONFIGURATIONS A01F TO A05H 
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(k) Configuration A11J 
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upper flap pressures, p/p. . 















(n) Configuration B14M 


















upper flap pressures, p/p, . 
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p) Configuration B16M 


















(q) Configuration C17N 
























TABLE BI 
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(y) Configuration C25P 

















TABLE BI.- Concluded 




















TABLE BII.- RATIO OF INTERNAL UPPER AND LOWER FLAP STATIC PRESSURE TO JET 
TOTAL PRESSURE FOR CONFIGURATIONS C05H TO C27AA 
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(k) Configuration C20W 
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